We present searches for rare or forbidden charm decays of the form X
), h ± is a pion, kaon, or proton, and ℓ (′)± is an electron or muon. The analysis is based on 384 fb −1 of e + e − annihilation data collected at or close to the Υ (4S) resonance with the BABAR detector at the SLAC National Accelerator Laboratory. No significant signal is observed for any of the 35 decay modes that are investigated. We establish 90% confidencelevel upper limits on the branching fractions between 1 × 10 −6 and 44 × 10 −6 depending on the channel. In most cases, these results represent either the first limits or significant improvements on existing limits for the decay modes studied. s modes, h ± can be a pion or kaon, while for Λ + c modes it is a proton. Decay modes with oppositely charged leptons of the same lepton flavor are examples of flavor-changing neutral current (FCNC) processes, which are expected to be very rare because they cannot * Now at Temple University, Philadelphia, Pennsylvania 19122, USA † Also with Università di Perugia, Dipartimento di Fisica, Perugia, Italy ‡ Now at University of South Alabama, Mobile, Alabama 36688, USA § Also with Università di Sassari, Sassari, Italy 1 The inclusion of charge-conjugate decay modes is implied throughout this paper.
occur at tree level in the SM. Decay modes with two oppositely charged leptons of different flavor correspond to lepton-flavor violating (LFV) decays and are essentially forbidden in the SM because they can occur only through lepton mixing. Decay modes with two leptons of the same charge are lepton-number violating (LNV) decays and are forbidden in the SM. Hence, decays of the form X + c → h ± ℓ ∓ ℓ (′)+ provide sensitive tools to investigate physics beyond the SM. The most stringent existing upper limits [1] [2] [3] [4] [5] on the branching fractions for X + c → h ± ℓ ∓ ℓ (′)+ decays range from 1 to 700 × 10 −6 and do not exist for most of the Λ + c decays. FCNC processes have been studied extensively for K and B mesons, in K 0 − K 0 and B 0 − B 0 mixing, and in rare FCNC decays such as s → dℓ + ℓ − , b → sγ, and b → sℓ + ℓ − decays. The results agree with expectations within the framework of the SM [6] . There are ongoing efforts to improve the measurements and the theoretical predictions, and to measure new effects, such as CP violation, in FCNC processes.
The recent observation of D 0 − D 0 mixing [7] [8] [9] has increased interest in FCNC processes in the charm sector. the mixing is due to physics beyond the SM, it could also give rise to measurable effects in FCNC charm decays. In the SM, the FCNC decays X + c → h + ℓ + ℓ − are expected to be heavily suppressed due to cancellations of amplitudes through the Glashow-Iliopoulos-Maiani (GIM) mechanism [10] . For example, the c → uℓ + ℓ − transitions illustrated in Fig. 1 yield branching fractions for [11, 12] . These decays are masked by the presence of long-distance contributions from intermediate vector resonances such as D → X u V, V → ℓ + ℓ − , which are predicted to have branching fractions of O(10 −6 ) [11, 12] . The effect of these resonances can be separated from those due to short-range processes by applying selection criteria on the invariant mass of the ℓ + ℓ − pair. In radiative charm decays, c → uγ, uncertainties in calculating the long-distance terms make it impossible to study the underlying short-distance physics [13] .
The impact of several extensions of the SM on D → X u ℓ + ℓ − decay rates has been estimated [11, 14, 15] ; the largest effect not already ruled out is expected in certain R-parity violating supersymmetric models. Depending on the size of the R-parity violating couplings, branching fractions of up to O(10
The only long-distance amplitudes relevant at the current experimental sensitivity are from D + → π + φ and D + s → π + φ decays. The product of branching fractions, [16] . In this analysis, we measure the total decay rate of D
mass region around the φ resonance.
II. OVERVIEW
The searches use data collected with the BABAR detector as described in Section III. Candidate decays are formed from two tracks identified as leptons (ℓℓ (′) ) and one track identified as a hadron (h). Background events arise primarily from semileptonic B and charm decays and from radiative QED events with converted photons. After applying basic kinematic selection criteria, we discriminate further between signal and background with a decay-mode-dependent likelihood ratio calculated from the measured momentum and flight length of the charm hadron candidate and the total energy detected in the event. The invariant mass distributions of the selected hℓℓ (′) candidates are fit to extract the number of signal events, the number of combinatorial background events, and the number of background events due to nonleptonic charm decays with hadrons in the final state misidentified as leptons. Upper limits are determined for the decay rate to each final state with respect to the known decay rate for a hadronic three-body decay with similar kinematics so that many systematic uncertainties cancel in the ratio.
III. THE BABAR DETECTOR AND DATASET
The BABAR detector was operated at the PEP-II asymmetric-energy storage rings at the SLAC National Accelerator Laboratory. The data sample comprises an integrated luminosity of 347 fb −1 collected from e + e − collisions at the Υ (4S) resonance and 37 fb −1 collected 40 MeV below the Υ (4S) resonance.
The BABAR detector is described in detail elsewhere [17] . The momenta of charged particles are measured with a combination of a five-layer silicon vertex tracker (SVT) and a 40-layer drift chamber (DCH), both in a 1.5 T magnetic field produced by a solenoid. The resolution of the transverse momentum (p T ) is measured to be σ(p T )/p T = 0.0013(p T / GeV/c) ⊕ 0.0045. A detector of internally reflected Cherenkov radiation (DIRC) is used for charged particle identification. Pions, kaons, and protons are identified with likelihood ratios calculated from dE/dx measurements in the SVT and DCH, and from the observed pattern of Cherenkov light in the DIRC. For the selection criteria used in this analysis, hadron identification efficiencies are approximately 98%, 87%, and 82% for pions, kaons, and protons, respectively. A finely segmented CsI(Tl) electromagnetic calorimeter (EMC) is used to detect and measure the energies of photons and neutral hadrons, and to identify electrons. For electrons, energy lost due bremsstrahlung is recovered from deposits in the EMC.
The EMC information, Cherenkov angle, and dE/dx measurements are combined to define a likelihood ratio used to select electrons with a selection efficiency above 90% for electrons with a laboratory momentum above 0.5 GeV/c and with less than 0.1% probability to misiden-tify a hadron as an electron. The instrumented flux return (IFR) contains resistive plate chambers and limited streamer tubes for muon and long-lived neutral-hadron identification. Variables characterizing track measurements in the IFR and the energy deposition in the EMC are combined in a neural network to select muon candidates. The muon identification efficiency is about 60% for muons with a laboratory momentum above 1.5 GeV/c, but decreases rapidly for lower momenta. The probability to misidentify a pion as a muon is about 1.5% for most of the relevant momentum range.
Event simulations are performed using the EvtGen [18] Monte Carlo (MC) generator with a full detector simulation based on GEANT4 [19] . Signal and Λ + c → pK − π + MC events are generated with a three-body phase-space distribution, while D + (s) → π + φ MC events are generated with a Breit-Wigner resonance shape for the φ decay and an angular distribution appropriate for the P-wave φ decay. All signal events are simulated as cc continuum events. The distributions of the magnitudes of the charm-hadron momenta measured in the e + e − center-ofmass frame (p * ) are found to differ between simulated cc continuum events and data. In particular, the mean p * for D + s mesons is lower in MC, while the mean p * for Λ + c baryons is higher. To correct for this, simulated cc events are weighted to yield the same p * distributions as those observed for large samples of reconstructed charm decays in data. The event weights lie between 0.6 and 1.8. Simulated events are also weighted to match the particle identification probabilities measured in control samples in data. Samples of simulated cc and(q = u, d, s) continuum events and BB events, corresponding to 1.4 to 5 times the recorded data sample, are used to study background contributions.
IV. ANALYSIS PROCEDURE

A. Initial Signal Selection
Charm hadron candidates are formed from one track identified as either a pion, kaon, or proton (h) and two tracks, each of which is identified as an electron or a muon (ℓℓ (′) ). The total charge of the three tracks is required to be ±1. For three-track combinations with a pion or kaon track, the hℓℓ (′) invariant mass is required to lie between 1.7 and 2.1 GeV/c 2 ; for combinations with a proton, the invariant mass is required to lie between 2.2 and 2.4 GeV/c 2 . The combinatorial background at low p * is very large and we therefore select charm hadron candidates with p * greater than 2.5 GeV/c. Because the p * of charm hadrons produced in B decays is kinematically limited to be less than about 2.2 GeV/c, the signal candidates with p * greater than 2.5 GeV/c are dominated by hadrons from continuum production. The main backgrounds remaining after this selection are QED events and semileptonic B and charm decays, particularly events with two semileptonic decays.
The QED events are mainly radiative Bhabha, initialstate radiation, and two-photon events, which are all rich in electrons. These events are easily identified by their low multiplicity and/or highly jet-like topology. We strongly suppress this background by requiring at least five tracks in the event and that the hadron candidate be inconsistent with the electron hypothesis.
We suppress the background from semileptonic B and charm decays by requiring the two leptons to be consistent with a common origin. This is achieved by requiring that the probability of the χ 2 for the vertex fit be greater than 0.001 and that the distance of closest approach between the two lepton candidates be less than 250 µm.
For low e + e − invariant mass there is a significant background contribution from photon conversions and π 0 decays to e + e − γ. These are both removed by requiring
− decay modes, we exclude events with 0.95 < m(e + e − ) < 1.05 GeV/c 2 and 0.99 < m(µ + µ − ) < 1.05 GeV/c 2 to reject decays through the φ resonance. The excluded regions for the two decay modes differ due to the larger radiative tail in the π + e + e − decay mode. In order to perform cross-checks, we also select candidates for D
B. Likelihood Selection
After the initial event selection, significant combinatorial background contributions remain from semileptonic B decays and other sources. These background sources are studied with samples of candidates in MC and in sidebands of the hℓℓ (′) invariant mass distribution in data. The sidebands are defined to be 0.1 GeV/c 2 wide regions just below and above the signal regions defined above. The final candidate selection is performed by forming a likelihood ratio R L and requiring the ratio to be greater than a minimum value R min L . The likelihood ratio is defined as
where x i is the ith discriminating variable, and P s,i and P b,i are the signal and background probability density functions (PDF) for the variable x i . Correlations between variables are ignored in the likelihood ratio as they are found to be small. The likelihood ratio peaks near 1 for signal and near 0 for background. The signal PDFs are obtained by fitting the distribution of x i for simulated signal events, while the background PDFs are obtained from fits to the distribution of x i for candidates in the hℓℓ (′) invariant-mass sidebands in data. The PDFs are defined by combinations of polynomial, Gaussian, and exponential functions found empirically to provide good descriptions of the signal MC and data sidebands. The parameter values in the PDFs are common across signal modes in which data or MC studies show the distributions to be consistent.
The following three discriminating variables are used in the likelihood ratio.
• Charm hadron candidate p * . The calculated p * for hℓℓ (′) candidates in which a lepton candidate is from a semileptonic B decay can be larger than 2.2 GeV/c, but the distribution falls rapidly with increasing p * .
• Total reconstructed energy in the event.
Since neutrinos from semileptonic B decays are not directly detected, the total observable energy in these events is less than the sum of the beam energies (12 GeV). We calculate the total energy for each event as the sum of the energies of all reconstructed tracks (assuming each track to be a charged pion) and neutral EMC clusters.
• Flight length significance. The flight length significance is the ratio of the signed flight length to its uncertainty, where the signed flight length is the scalar product between the direction of the charm-hadron candidate and the position vector that points from the beam spot to the charm-hadron decay vertex. This variable has the most discrimination power for the longlived D + meson and the least for the shorter-lived Λ + c . This variable is effective for suppressing non-B combinatorial background.
Distributions of the three discriminating variables and of the likelihood ratio are shown in Fig. 2 for D + → π + e + e − candidates in hℓℓ (′) invariant-mass sidebands (background) and in signal MC.
The minimum likelihood ratio value R min L is chosen independently for each mode to provide the lowest expected upper limit on the branching ratio, as calculated from the simulated signal efficiency and the expected number of background events; the latter is estimated from the hℓℓ (′) invariant-mass sidebands in data. In cases in which more than one candidate from the same event passes all selection criteria, including the likelihood-ratio requirement, the candidate with the highest p * is retained. The final signal selection efficiency lies between 0.5% and 7%, depending on the signal mode.
C. Fit Procedure
Extended, unbinned, maximum-likelihood fits are applied to the invariant-mass distributions for the h ± ℓ ∓ ℓ (′)+ candidates. The PDF we use for signal events is the so-called Crystal Ball function [20] , which has an asymmetric component to describe the radiative tail in the mass distribution:
The four parameters µ, σ, α and n are determined from fits to signal MC candidates and are fixed to these values in the fits to data, with only the overall normalization as a free parameter. The width of the Gaussian component (σ) is found to lie between 5 and 10 MeV/c 2 , depending on the decay mode.
The invariant mass distributions of the combinatoric background events for the signal modes are described by first-order polynomials. The background slope is a free parameter in all fits.
An additional background arises from nonleptonic charm decays in which two hadrons are misidentified as leptons. This background component is almost negligible in the signal modes with electrons and is therefore only included in decay modes with two muons and for D 
the signal peak for this background yield to be determined by the likelihood fit to data, without reliance on MC predictions of this yield.
V. BRANCHING RATIO NORMALIZATION
The measured signal yields are converted into branching ratios by normalizing them to the yields of known charm decays. We choose normalization modes with kinematics similar to the kinematics of the signal decays so that most systematic effects not related to particle identification cancel in the branching ratio. Table I . We use the abbreviation D
A. Event Selection
The same selection criteria are applied for the normalization modes as the signal modes, except for the lepton identification and likelihood ratio requirements. Instead, each daughter candidate in the D 
B. Fit Results
For the normalization modes, radiative effects are negligible and we use the sum of two Gaussian distributions with a common mean to describe each of the D + , D + s , and Λ + c signal invariant-mass distributions. All signal parameters are free in the fits to the normalization modes in data. The combinatorial background is described by a second-order polynomial. The invariant-mass distributions for the normalization decay modes and the corresponding fit results are shown in Fig. 3 . The fitted signal yields are listed in Table II , where we also list the efficiencies estimated from signal MC. 
VI. SYSTEMATIC UNCERTAINTIES
Most systematic effects are expected to cancel in the branching ratio since they affect both the signal and normalization modes. Therefore, the main systematic uncertainties arise from differences in selection, acceptance, and decay kinematics. Table III gives a summary of all systematic uncertainties related to the branching ratio calculation. An additional systematic uncertainty is as- III: Summary of the multiplicative systematic uncertainties on the branching ratio for each signal decay mode (listed in the first column). In the second column, we give the fractional uncertainty due to the normalization mode. The next three columns list the fractional uncertainty due to the MC statistical error, uncertainties in particle identification efficiencies (PID), and in the likelihood-ratio efficiency (LR). The total systematic uncertainty, given in the final column, is the sum of the individual errors in quadrature. sociated with the estimate of the signal yield.
Norm
Systematic uncertainties related to the signal PDF parameters are investigated in two ways. First, the PDF parameters for data and MC are compared in the fits to the normalization modes. Differences can be due either to general data-MC tracking differences or to differences between the simulated charm hadron mass and the actual mass. Second, fits to the invariant mass of J/ψ → ℓ + ℓ − candidates from inclusive B decays are compared between data and MC. The second comparison is sensitive to effects associated with lepton reconstruction and radiative tails. Based on these studies, the mean signal mass is varied by up to 2.5 MeV/c 2 , depending on the decay mode. Based on the same studies, the widths of the signal PDFs are varied by ±5%. For the background shape assumption, the signal fits are repeated using a second-order polynomial as the background PDF instead of the nominal first-order polynomial. The PDF variation giving the worst upper limit on the branching ratio is used as an estimate of the systematic uncertainty.
For the normalization modes, the statistical uncertainties from the fits, the MC statistical errors, and uncertainties from the signal and background shapes are all about 1% or less. The main systematic uncertainty is due to intermediate resonances in the three-body decays. − mass interval in order to alter the purity of the accepted φ candidates. For the Λ + c mode, the uncertainty is estimated from variations in the efficiency as a function of the pK − and pπ + invariant mass. For all three normalization modes the estimated uncertainty is approximately 2%.
The particle identification efficiencies have associated systematic uncertainties of 0.5% for each pion, 0.7% for each kaon, 0.9% for each electron, and 4% for each muon. We do not evaluate a systematic uncertainty for the protons since, for the Λ c decays, both the signal and normalization modes contain a proton and the uncertainty therefore cancels. Uncertainties for particles of the same type are added linearly, while those for different types of particles are added in quadrature.
The systematic uncertainty on the efficiency of the likelihood-ratio requirement is estimated by applying the same likelihood ratio selection to events in the normalization mode. The efficiency of this selection for the normalization-mode decays is not expected to be the same as for signal modes due to different kinematics. However, for the normalization modes, the efficiency can be measured for both data and for MC simulation; the difference is used as the systematic uncertainty. The largest variations are found for decay modes with the most stringent likelihood-ratio requirements.
In the calculation of the signal efficiency we assume that the decays populate three-body phase-space uniformly. The selection efficiency has some dependence on where the decay lies in the Dalitz plot. Ignoring the regions we explicitly remove in the selection, the efficiency varies by less than 25% around the average as a function of the ℓ ∓ ℓ (′)+ invariant mass, with the lowest efficiency at low dilepton mass. This model dependence is not included in the systematic uncertainty.
VII. RESULTS
The hℓℓ (′) invariant-mass distributions for signal candidates in all 35 decay modes are shown in Figs. 4-9 .
The signal yields obtained from the unbinned likelihood fits are listed in Table IV with statistical and systematic uncertainties. Only systematic uncertainties associated with the signal and background PDFs are included in the systematic uncertainty for the yields. The curves representing the fits are overlaid in the figures. The most significant signal is seen in the distribution for Λ + c → pµ + µ − ; the signal yield has a statistical-only significance of 2.6σ as determined from the change in log-likelihood with respect to zero assumed signal events. With 35 different measurements, a 2.6σ deviation is expected with about 25% probability.
We calculate upper limits on the branching ratios
, and
at 90% confidence level (CL). The upper limits are set using a Bayesian approach with a flat prior for the event yield in the physical region. The upper limit on the signal yield is defined as the number of signal events for which the integral of the likelihood from zero events to that number of events is 90% of the integral from zero to infinity. The systematic uncertainties are included in the likelihood as additional nuisance parameters. For comparison with previous measurements, the upper limits on the branching fractions at 90% CL, calculated using the data of Table I , are also given. For 32 of the 35 decay modes, this analysis is more sensitive than existing measurements. In most cases, the improvement is significant (factor of 2 to 60). The largest improvements are seen for the LFV decays, which are all improved by at least a factor of 10. The only Λ + c decay with a pre-existing limit is Λ + c → pµ + µ − , which we improve by roughly a factor of 8. For all other Λ + c decays this paper presents the first limits. The only modes that do not provide a more sensitive limit are D
− where existing limits [1] [2] [3] are about a factor of two lower than those presented here.
As a cross check, we also examine D 
The first error is the statistical uncertainty and the second is the systematic uncertainty. The third column lists the estimated signal efficiency. The fourth column gives for each signal mode the 90% CL upper limit (UL) on the ratio of the branching fraction of the signal mode to that of the normalization mode (BR). The last column shows the 90% CL upper limit on the branching fraction for each signal mode (BF). The upper limits include all systematic uncertainties. 
VIII. CONCLUSIONS
Searches for the decay modes D responds to limits on the branching fractions between 1 × 10 −6 and 44 × 10 −6 . These limits are calculated under the assumption of three-body phase-space decays; the efficiency varies by up to 25% as a function of dilepton invariant mass. For 32 of the 35 decay modes studied, the limits are an improvement over the existing measurements and therefore provide more stringent constraints on physics beyond the SM. 
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